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ABSTRACT 
TiJmen, F. and Bailey, N.T., 1990. Recovery of metal values from copper smelter slags by roasting 
with pyrite. Hydrometallurgy, 25:317-328. 
Sulphation roasting of primary and secondary copper slags has been carried out to facilitate the 
dissolution of copper, nickel, cobalt, zinc and iron. The process comprised preroasting of the ground 
slag followed by roasting with pyrite and then leaching with water. The effects of the roasting and 
leaching conditions on the recovery of the metal values were explored. 
While a significant amount of copper solubilization was achieved by direct roasting of sulphidic 
primary slags, roasting with added pyrite increased the recovery. This technique also enabled the 
copper to be recovered from a secondary smelting slag. Under optimum conditions, more than 95% 
of copper could be recovered by only a limited recovery of cobalt, nickel and zinc could be achieved 
by roasting the preroasted slag with pyrite at 550°C for 1 h with a 0.25 pyrite/slag ratio. Around 2% 
of the iron in the slags was extracted into the leach solutions. An increase in the roasted temperature 
resulted in reduced iron contamination but the recovery of copper was also reduced. However, aera- 
tion seemed to be an appropriate way to reduce the iron contamination of the leach solutions. 
I N T R O D U C T I O N  
The rapid depletion of  high grade ores and increasing demand for base met- 
als has prompted intensive investigations into metal recovery from low-grade 
ores and metallurgical waste materials. Slags discarded in copper plants con- 
tain significant amounts  of copper and other valuable metals. 
Copper recovery is generally achieved by pyrometallurgical routes. For ex- 
ample, re-cycling converter slags with high copper content to the reverbera- 
tory furnace, or using a separate slag refining furnace. However, in this pro- 
cess some copper is invariably left behind in the residual slags. It is well 
recognized that the addit ion of converter slag to the reverberatory furnace 
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makes the operation complicated and increases the slag volume, resulting in 
an increase in the overall copper loss. 
A great deal of effort is being made to investigate the possibility of  copper 
recovery from slags by wet chemical methods. The hydrometallurgical meth- 
ods employed have included cyanidation [ 1 ], atmospheric or pressure acid 
leaching [2,3 ], ferric chloride or ferric sulphate leaching [4-6] ,  ammonia -  
ammonium carbonate leaching [ 6 ] and ammonium sulphate or sulphuric acid 
roasting [ 7 ]. 
It is well known that the roasting of  copper sulphide concentrates produces 
a calcine suitable for hydrometallurgical processing [ 8,9 ] and it was therefore 
decided to assess the possibility of  a roasting water leaching system for re- 
covering copper and other valuable metals from the primary smelter slags in 
which some of  the copper is present in the sulphide form. Subsequently, an 
at tempt was made to recover the copper from a secondary smelting slag by 
roasting the material together with the pyritic waste from a copper ore bene- 
fication plant. Using this technique it may be possible to leach valuable met- 
als from the calcines and simultaneously to produce H2SO4 from the gaseous 
product. 
This paper describes the results from the sulphation roasting of primary 
and secondary slags with and without the addition of pyrite, followed by water 
leaching of the calcines. 
EXPERIMENTAL METHOD 
Materials 
Most of the tests were performed on slags obtained from the primary cop- 
per plant at Ergani, Turkey, and the IMI James Bridge secondary metal plant 
at Walsall, England. After optimization of  the experimental conditions a 
number  of  tests were also carried out on the slag from the Rokana primary 
copper converter in Zambia. The pyrite used in the study was obtained from 
the Ergani ore-benefication plant. 
The slag samples were crushed and ground in the laboratory and the pyrite 
was obtained as fine particles. The - 6 3 / t m  fraction of  pyrite and various 
fractions of  the slags were used in the experiments. The chemical composi- 
tions and the phases identified in the slags by X-ray diffraction are given in 
Table 1 and 2, respectively. The slags, namely two samples from the converter 
at Ergani, one sample from the Ergani reverberatory furnace, and one from 
the James Bridge reverberatory furnace, were labelled as slags 1 to 4, 
respectively. 
Procedure 
For the sulphation roasting study, 5 g of  slag or slag-pyrite mixture in a 
silica dish were placed in a muffle furnace which was preheated to the re- 
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TABLE 1 
Chemical analyses of slags and pyrite 
Constituent Amount 
Slag 1 Slag 2 Slag 3 Slag 4 Pyrite 
Cu (%) 4.10 10.10 1.70 3.40 2570 
Co (mg/kg)  3950 3390 1830 - 2430 
Ni (mg/kg)  660 405 435 4780 240 
Zn (mg/kg)  980 1150 1370 9.70 250 
Fe (%) 52.10 43.50 40.40 21.90 41.30 
CaO (%) 0.40 0.70 4.60 2.70 3.45 
MgO (%) 2.40 2.80 4.30 3.70 0.90 
AI203 (%) 0.65 0.40 2.40 8.50 4.20 
SiO~ (%) 19.60 21.85 31.00 31.20 1.25 
S (%) 3.60 5.40 2.50 - 43.35 
TABLE 2 
Phases identified in slags and pyrite. (Fayalite: Fe2SiO4, Magnesian-Fayalite: (Fe,Mg)2SiO4, Pyrite: 
FeS2, Magnetite: Fe304, Chalcopyrite: CuFeS2, Cuprite: Cu20, Copper: Cu) 
Slag 1 Slag 2 Slag 3 Slag 4 Pyrite 
Fayalite Fayalite Fayalite Magnesian-fayalite Pyrite 
Magnetite Magnetite Cuprite 
Chalcopyrite Chalcopyrite Copper 
Copper 
quired temperature. After roasting, the sample was removed from the fur- 
nace, cooled and placed in a conical flask. The required amount of  water was 
added and the flask was shaken mechanically. For studying the effect of  tem- 
perature on leaching, the flasks were shaken in a thermostatically controlled 
water bath; the one exception was the test carried out at boiling point, when 
the flask content was stirred magnetically under reflux. The pulp was filtered 
through a Buchner funnel using a Whatman No. 42 filter paper, the leachates 
were acidified to prevent precipitation, and the solutions were analyzed. 
The experimental variables, such as roasting temperature; pyrite/slag ratio; 
durations of  preroasting of  slag and roasting with pyrite; and the leaching 
conditions, were optimized to maximize the recovery of the copper, cobalt, 
nickel and zinc values with minimum iron contamination. Most of  the exper- 
iments were carried out in duplicate, and the results generally agreed within 
+3%. 
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Methods of Analysis 
The slag samples were analyzed by atomic absorption spectrophotometer 
utilizing the lithium metaborate fusion-nitric acid dissolution route [ 10 ], 
and also by X-ray fluorescence. The pyrite was analyzed by the same atomic 
absorption spectrophotometric method after roasting at 750 °C to remove the 
sulphur. The sulphur contents of the samples were determined by barium sul- 
phate gravimetric method [ 11 ]. 
The leachates were analyzed for the metal values by atomic absorption 
spectrophotometry after appropriate dilutions. The amount of metal values 
extracted was calculated from the metal values in the leach solutions and the 
compositions of the slag or slag-pyrite mixtures. The slag samples and their 
roasting products were subjected to X-ray diffraction analysis in order to 
identify various phases present or formed during roasting. 
RESULTS AND DISCUSSION 
Initial experiments showed that copper could be leached from the roasted 
primary converter and reverberatory slags, whereas pyrite addition was nec- 
essary for the secondary reverberatory slag. Since certain metals are present 
in their sulphide form in the slag or the pyrite, sulphation may occur, resulting 
in the production of sulphates which are readily soluble in water. The sulpha- 
tion mechanism for the components of slag and pyrite may be explained by 
the following chemical reactions [ 12 ]. 
2 MeS+3 O2~2  M e O + 2  SO2 (1) 
2 MeO+O2 ~ 2  MeO (2) 
2 M e O + 2  SO2 +O2~-2 MeSO4 (3) 
MeS+2 O2 ~MeSO4 (4) 
If the metal had formed several sulphides and oxides, additional equations 
would have to be considered for the formation of MeS2, Me203, and 
Me2 (SO4)3, etc. Basic sulphates such as MeO-MeSO4 may also exist [ 12]. 
Initially, the primary slags and the secondary slag with added pyrite (with 
0.10 pyrite/slag ratio) were roasted at different temperatures (400-750°C) 
for 2 h and the calcines obtained were leached with water at a pulp density of 
10% for 15 min at room temperature. The effect of increasing the roasting 
temperature on the extraction of metals is shown in Fig, 1. The rate of extrac- 
tion of copper increased up to 550°C and thereafter decreased. At this tem- 
perature a substantial amount of copper could be extracted while iron solu- 
bilization was low. It can be seen that iron contamination can be reduced to 
values less than 1% by increasing the roasting temperature, but unfortunately, 
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Fig. 1. The effect of roasting temperature on extraction of metals: Particle size: - 6 3  #m; roast- 
ing time: 120 min; leaching time: 15 min; leaching temperature: ambient; pulp density: 10% 
solid, a, b. Ergani primary converter slags (slag 1 and 2). c. Ergani primary reverberatory slag 
(slag 3 ). d. James Bridge secondary reverberatory slag (slag 4 ) + pyrite (pyrite / slag ratio, 0.10 ). 
the rate of copper extraction is then significantly reduced. On the other hand, 
the amount of cobalt extracted from primary slags was relatively low. High 
extraction was obtained from the secondary slag-pyrite mixture but, in this 
case, the cobalt originated from the pyrite. The nickel and zinc recoveries 
were also relatively low, being significantly reduced as the temperature was 
increased above 700 ° C. 
It is apparent that the results were highly temperature-dependent, the ex- 
traction values reaching an optimum at about 550°C. The decreased metal 
recoveries at higher temperatures can be attributed to the decomposition of 
metal sulphates, that is, to the shift of the equilibrium in eqs. ( 3 ) and (4) to 
the left. A chalcopyrite roasting study [13 ], indicated that decomposition 
could take place through the basic copper sulphate. Thus, the following reac- 
tions may occur: 
2 CuSO4 ~ C u O .  CuSO4 + SO2 + 1/2 02 ( 5 ) 
C u O - f u S O 4 , ~ - - 2  C u O +  5 0 2  + 1/2 02 (6) 
Copper oxysulphate and its further decomposition product, copper oxide, have 
limited solubility in water [ 13 ]. There is also the possibility that ferrite may 
be formed (7): 
CuO + FezO3 ~CuO'Fe203  (7) 
Other metals may also undergo similar processes. The decomposition tem- 
peratures of iron, copper, cobalt, nickel and zinc sulphates have been quoted 
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as 480, 650, 735, 848 and 600°C, respectively [ 14]. XRD studies have con- 
firmed that CuSO4 was formed in the primary converter slag, and the second- 
ary slag-pyrite mixture, on heating to 500-600 ° C. In addition, a spinel-type 
compound  (CuFe204) was identified in the samples heated above 700 ° C. 
In addition, although leach solutions obtained from calcines were weakly 
acidic, pH values of solutions were increased by increasing the roasting tem- 
perature. For example, the pH for the leachate of  the calcine obtained from 
the James Bridge slag-pyrite mixture was 2.6 at 450°C; while values were 
more than 5.0 in the case of roasting at 600°C. This may also explain the 
decomposit ion of, or weak tendency for, formation of sulphates at higher 
temperatures, so that such sulphates produce acid in aqueous solutions. Ad- 
ditionally, the lower values of extracted iron of  calcines roasted at higher tem- 
peratures may be attributed to the hydrolysis of iron (III) ions which precip- 
itate above pH 3.2 [ 15 ]. Thus, in the later experiments it was decided to roast 
the mixtures at 550°C, which seemed to be an opt imum. 
The rate of copper extraction seems to be dependent  on the sulphur content 
of the slag. For this reason a series of experiments were carried out with se- 
lected slags ( 1 and 4) varying the amount  of pyrite added. The results given 
in Fig. 2 shows that the recovery of copper increased by increasing the amount  
of pyrite added up to a pyrite/slag ratio of 0.25; thereafter, no appreciable 
increase in the copper recovery was found. For example, 88% of the copper 
could be extracted from the mixture of primary slag and pyrite (pyrite/slag 
ratio: 0.25 ) whereas the extraction value was about 80% for the original pri- 
mary slag. The same values for the secondary slag were 78% and 0%, respec- 
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Fig. 2. The effect of pyrite/slag ratio on extraction of metals from slags 1 and 4. (Particle size: 
- 63/Ira; roasting at 550 °C for 120 min; leaching time: 15 min; leaching temperature: ambient;  
pulp density: 10% solid. ) 
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tively. On the other hand, most of the cobalt recovered from slag 1 probably 
originated in the pyrite. The James Bridge slag did not originally contain any 
cobalt, and about 90% of  the cobalt was recovered from the pyrite. The nickel 
and zinc recoveries were relatively low, and the amount  of iron extracted was 
about 2-3%. 
These results show that the primary slags having original sulphur could be 
sulphated to a significant degree by roasting, but extra sulphur was necessary 
for further sulphation. The copper in the secondary slag could be efficiently 
sulphated on roasting together with pyrite. In the sulphation process, the metal 
oxide matrix of slag probably plays a catalytic role. 
The effect of the roasting t ime on the rate of metal extraction from slags is 
shown in Fig. 3. The effect of preroasting the slag, when metallic copper is 
likely to be converted into the oxidic form, was also studied. The rates of 
metal extraction from the preroasted slags are summarized in Table 3. If the 
values shown in Table 3 and Fig. 3 are compared, it can be concluded that 
preroasting considerably improves the extraction rate. For example, over 95% 
of the copper could be extracted from both the slags roasted with pyrite for 
60 rain after preroasting for 60 rain; while values less than 90% were obtained 
in the case of roasting for 120 min with pyrite. Preroasting also improved the 
extraction of cobalt but a significant proportion still remained undissolved 
from slag 1. This may be attributed to the fact that the cobalt is mostly present 
in the iron oxide matrix. This also applies to nickel. However, zinc is proba- 
bly present in the silicate phase because its recovery, like that of iron, and 
nickel, was not significantly affected by preroasting. Since the results were 
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Fig. 3. The effect of roasting time on extraction of metals from slags 1 and 4. (Particle size: - 63 
/~m; pyrite/slag ratio: 0.25; roasting temperature: 550 ° C; leaching time: 15 min; leaching tem- 
perature: ambient;  pulp density: 10% solid.) 
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TABLE 3 
Effect of preroasting on metal extraction from slags I and 4. (Preroasting at 550°C; roasting at 550°C; 
pyrite/slag ratio: 0.25; leaching time: 15 min; leaching temperature: ambient; pulp density: 10% solid ) 
Preroasting Roasting time Metals extracted % 
time after adding 
(min) pyrite Slag 1 Slag 4 
(rain) 
Cu Co Ni Zn Fe Cu Co Ni Zn Fe 
30 - 58.4 21,2 19.5 9.9 2.6 . . . .  
30 30 86.5 52.6 23.9 21.4 2.3 84.1 94.2 13.1 24.6 1.7 
30 60 92.5 54.7 30.5 26.9 2.4 90.6 97.2 17.3 27.8 1.6 
30 90 94.9 56.3 35.8 28.0 2.9 93.0 96.4 19.2 29.1 1.8 
30 210 95.5 58.0 37.1 29.1 2.4 96.3 98.0 20.7 29.1 1.6 
60 - 75.9 28.6 25.4 13.6 2.0 . . . . .  
60 30 89.2 55.8 32.2 26.7 2.1 87.4 95.4 17.6 28.3 1.4 
60 60 95.8 58.5 35.1 28.8 2.2 96.7 98.6 20.0 29.2 1.7 
60 180 97.0 57.9 36.3 28.5 2.7 98.5 98.4 22.2 31.0 1.4 
120 - 80.3 36.2 32.5 17.4 1.7 . . . . .  
240 - 78.6 37.3 30.2 19.7 2.0 . . . . .  
TABLE 4 
Effect of particle size on metal extraction from slags 1 and 4. (Preroasting for 60 rain at 550°C; 
roasting for 60 rain at 550°C; pyrite/slag ratio: 0.25; leaching time: 15 rain; leaching temperature: 
ambient; pulp density, 10% solid) 
Fractions Metals extracted % 
(~m) 
Slag 1 Slag 4 
Cu Co Ni Zn Fe Cu Co Ni Zn Fe 
250-180 40.8 21.1 11.9 14.7 1.9 29.8 95.9 8.5 11.9 1.4 
180-125 53.2 26.4 19.5 18.5 2.3 40.6 97.5 10.0 14.1 1.7 
125-90 69.9 36.4 24.6 19.1 2.3 52.9 96.4 15.9 19.3 1.8 
90-63 83.4 42.1 35.0 25.4 2.7 74.1 98.0 17.4 23.6 1.6 
- 6 3  95.8 58.5 35.1 28.8 2.2 96.7 98.6 20.0 29.2 1.7 
promising, further studies on other variables were carried out by roasting the 
slag for two, 60-minute periods, firstly on its own and then with pyrite. 
The effect of  the particle size of  the fractions is presented in Table 4. As 
expected, the recovery generally increased with decreasing particle size. Cop- 
per recovery values of  75-80% would be expected for the - 100/tm fraction. 
For the studies of  leaching parameters, only the extraction values for cop- 
per, cobalt and iron were considered in connection with the experiments per- 
formed with slag 1. The results are given in Table 5 and Figs. 4 and 5. From 
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TABLE 5 
Effect of leaching temperature on metal extraction from slag 1. (Pyrite/slag ratio: 0.25; particle size: 
- 63 #m; preroasting of slag at 550 °C for 60 rain; roasting of slag-pyrite mixture at 550 °C for 60 rain: 
leaching time: 15 min; pulp density: 10% solid) 
Temperature Metals extracted % 
(°c) 
Cu Co Fe 
Room temperature 95.8 58.5 2.2 
40 94.7 59.1 3.0 
60 96.4 61.8 2.7 
80 95.3 60.2 2.9 
Boiling point 96.2 63.4 3.1 
9C 
8C ~ - ~ ' ~  
7 0  
C ~ 6 c  ~ • 
~4c 
o : Cu 
3 0  • : C o  
• : Fe 
2 O  
10  
• ? , ~ + T -  , , 
0 5 10 15 20 25 30 3b 4 0  
PuLp density (°I° solid) 
Fig. 4. The effect of pulp density on extraction of metals from slag 1. (Particle size; - 6 3  #m; 
pyrite/slag ratio: 0.25; pre-roasting of slag: 550°C for 60 min; roasting of slag-pyrite mixture: 
550°C for 60 rain; leaching time: 15 rain; leaching temperature: ambient. ) 
Table  5 it can  be seen tha t  no  advan tage  is ga ined  by  increas ing the leaching 
t empe ra tu r e .  Recove r i e s  d id  no t  d i f fer  ve ry  m u c h  up  to  a pu lp  dens i ty  o f  25%, 
and  the rea f t e r  the  ex t r ac t ion  ef f ic iency  dec reased  (Fig. 4 ) .  Abou t  90% o f  the 
coppe r  and  55% o f  the  cobal t  were  r e c o v e r e d  in less t h an  5 m in  (Fig. 5) .  
A bou t  3% o f  the  to ta l  i ron  was ex t rac ted .  It  is t he re fo re  clearly d e m o n s t r a t e d  
tha t  leaching u n d e r  these  mi ld  cond i t i ons  results  in good  r ecove ry  o f  the cop-  
per  wi th  re la t ively  low a m o u n t s  o f  i ron  in the leachates .  Inc reased  leaching 
t e m p e r a t u r e  and  e x t e n d e d  leach ing  t ime  d id  no t  s ignif icant ly  in f luence  the  
r ecove ry  o f  metals ,  which  con f i rms  the  fact  tha t  the  solid state reac t ions  are 
the  cont ro l l ing  step o f  the  to ta l  p rocess  inves t iga ted .  
Since a p rec ip i t a t e  f o r m e d  in some leachates  which  were  unac id i f i ed ,  ex- 
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Fig. 5. The effect of  leaching time on extraction of metals from slag 1. (Particle size: - 63 tim; 
pyrite/slag ratio: 0.25; preroasting of slag: 550°C for 60 min; roasting of slag-pyrite mixture: 
550 °C for 60 rain; leaching temperature: ambient;  pulp density: 10% solid. ) 
periments were also carried out in order to remove the iron by air entrain- 
ment. More than half of  the iron content ofleachates could be precipitated in 
this way without significant copper and cobalt loss. This may be explained by 
oxidation and hydrolysis of  the iron, the pH of the leachates being in the range 
3.8-4.0. 
The op t imum conditions described above were applied to other slags, and 
also to the Rokana primary converter slag, which contained 2.60% cobalt. 
The copper recoveries were found to be satisfactory, and a limited amount  of 
the cobalt could also be extracted. For the Rokana slag, the copper and cobalt 
recoveries were 88.5% and 43.6%, respectively. 
The results of  this study have shown that the roasting of copper slags with 
pyrite, followed by water leaching of  the calcines obtained, is a good method 
for copper recovery, but only a proportion of the cobalt, nickel and zinc is 
extracted. Additionally, the cobalt in the pyrite seems to be extracted 
efficiently. 
CONCLUSION 
It has been shown that primary smelter slags containing sulphur can be 
roasted to produce calcines from which some of  the metal values can be ex- 
tracted. Pyrite addit ion increases the recovery of  copper from these slags and 
also makes it possible to extract copper from secondary slags. 
The roasting temperature proved to be the most important  parameter, but 
above certain temperatures recovery of  the metals decreased. Preliminary ox- 
idizing roasting was found to be beneficial. Because they are probably present 
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in the iron oxide and /o r  silicate matrix, only a proportion of the cobalt, nickel 
and zinc could be extracted; copper extraction, however, was nearly com- 
plete. The oxidic matrix of  slags may be an important  factor in the sulphation 
process, acting as a catalyst. Leaching of the product  with water results in a 
high copper recovery. The iron solubilization is relatively low, and iron can 
be further removed by aeration. 
Suitable conditions for roasting appear to be: a preroasting of the slag for 
60 min at 550 ° C; roasting of preroasted slag-pyrite mixture (pyrite/slag ra- 
tio = 0.25 ) for 60 min at 550 ° C; and leaching with water for about 15 rain at 
a pulp density of 10% at room temperature. By using these conditions more 
than 95% of  the copper could be recovered from both the Ergani primary 
converter slag and the James Bridge secondary smelter slag. More than 98% 
of the cobalt in the pyrite added to the James Bridge slag was extracted. The 
extraction values for cobalt, nickel and zinc were from the Ergani converter 
slag 58, 35 and 29%, respectively. Iron contamination was around 2% but 
aeration could be used to reduce this value to half. 
In conclusion, if the pyritic waste of a copper ore benefication plant is 
roasted with primary or secondary slags, copper, cobalt contained in pyrite 
can be efficiently extracted from the calcines. 
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